Introduction
Influenza virus and other acute respiratory tract infections (ARTIs) cause considerable mortality and morbidity worldwide. In each winter season between 10% and 20% of populations suffering from influenza 1 and at least 2AE2 million deaths occurring from ARTI throughout the world. 2 In the United States of America (USA), influenza is responsible for 20-40 million outpatient visits, 330 000 hospitalisations and 40 000 deaths annually. 3 In the United Kingdom, a study on GP consultations and hospitalisation for influenza estimated that influenza causes about 779 000 (95% CI ± 258 000) to 1 164 000 (95% CI ± 425 000) general practice consultations, 19 000 (95% CI ± 5000) to 31 200 (95% CI ± 11 000) hospital admissions and 18 500 (95% CI ± 2500) to 24 800 (95% CI ± 2500) deaths annually. 4 Although respiratory virus infections have traditionally been thought to be caused by single viruses, an increasing number of reports have reported respiratory diseases occurring as dual or multiple virus infections. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] There are suggestions that respiratory viral co-infections affect disease severity with some studies suggesting that dual and multiple infections increase severity of respiratory disease, 6, 7, 10, 12, 14 while others have found either no association [15] [16] [17] [18] [19] or that dual or multiple infections may actually be protective. 8 Influenza A viruses cause varying disease severity in different persons. For example, the pandemic influenza A(H1N1)pdm09 virus caused widely differing outcomes ranging from mild respiratory illness to severe disease or death in some cases. 20, 21 Thus, while there is currently conflicting data on the subject, most studies have been in infants <1 year old where the infection pattern is different from adults (due to pre-existing passive immunity in adults), and very few studies have investigated the effect of co-infection in influenza A viruses on disease outcome. This study aimed to identify the association between the pandemic influenza A(H1N1)pdm09 and seasonal influenza A viruses, dual or multiple infections with other respiratory viruses and severity of influenza disease.
Methodology

Study design and setting
Electronic data on samples that were sent to the Manchester Microbiology Partnership Laboratory (MMPL) in North West England, for viral detection, between 1 January 2007 and 23 June 2011, were interrogated to determine the association between a positive diagnosis of influenza A(H1N1)pdm09 or other influenza A viruses, and influenza B virus (Flu B) or other respiratory viruses including respiratory syncytial virus (RSV), rhinoviruses (RV), adenoviruses (AdV), human metapneumovirus (hMPV) and parainfluenza viruses 1-3 (PIV 1-3), and severity of influenza disease. The MMPL is a reference virology laboratory for the North West of England receiving respiratory viral samples from hospitals, medical centres and surgeries located in the region and serves a population of 6AE9 million people. 22 The database records only results for samples from patients whose reason for admission or medical consultation was due to respiratory virus infection. Apart from indicating types of all tests that were requested and results of testing, the database also contains information on patients' age (in years), date sample was collected, date received, medical facility that submitted the sample or the secondary locations and the type of sample that was submitted. A one-step reverse transcriptase real-time polymerase chain reaction (RT-PCR) protocol was used in the identification of respiratory viruses. Nucleic acid was extracted from samples using the Qiagen total nucleic acid extraction kit run on the Qiagen Biorobot MDX (Qiagen, Crawley, UK). Reverse transcription was accomplished using the Invitrogen Superscript III platinum one-step RT-PCR kit (Invitrogen, Paisley, UK). Influenza A and B viruses were tested using a duplex assay and additionally for influenza A H1N1 using the Health Protection Agency (HPA (H1)v) assay. 23 Duplex assays of well-characterised 'in-house' RT-PCR assays (unpublished) were used for the identification of respiratory syncytial virus, metapneumoviruses, adenoviruses, rhinoviruses and triplex assays for parainfluenza viruses 1-3. All the PCRs were run on the ABI7500 real-time PCR instrument (Applied Biosystems, Warrington, UK). Positive amplification was determined using amplicon-specific probes labelled with MGB or TAMRA (Applied Biosystems). Samples that were submitted by attending physicians for respiratory virus identification included the following: nose and throat swabs (VNT), throat swabs (VTS), nasopharyngeal aspirates (VNPA) and other types of swabs taken from the mouth and nose area (VSW).
All patients with a positive PCR test for influenza A(H1N1)pdm09 virus or seasonal influenza A viruses who were hospitalised, seen as outpatients or who died within the study period were eligible for inclusion. All entries where outcome data were missing, that is, either because PCR test was not performed or where there was insufficient sample, were excluded from the analysis. In addition, for the calculation of measures of association, entries that did not have information as to whether the patient was seen as an outpatient, admitted to general ward or the ICU were omitted.
Statistical analysis
Descriptive statistics were computed to describe co-infection patterns among different age and sex, and the differences calculated using Pearson's chi-square (v 2 ) statistic. The measure of outcome was the risk of hospitalisation to a general ward or the ICU or death, and the exposure of interest was whether or not the patient had dual or multiple respiratory viral infections. Association between influenza A viruses and respiratory viruses co-infection and risk of hospitalisation and admission to ICU or death was assessed using simple logistic regression models. Further, multivariate logistic regression models, including age and interaction term as covariates, were employed, and the significance of the covariate was assessed using the log rank test. For each of the co-infections with respiratory viruses, separate multivariate logistic models, controlling for age and an interaction term between age and co-infections, were applied to assess the risk of hospitalisation using other respiratory virus single infections as the baseline. Results are presented as odds ratios (ORs) with 95% confidence intervals (CIs) with significance level of P = 0AE05. All analyses were performed using the STATA software, version 11.0. (STATACorp, College Station, TX, USA).
The study received ethical approval from the National Health Service -Research Ethics Committee (NHS-REC), reference number 11 ⁄ NW ⁄ 0698 and from the University of Manchester Research Ethics Office. In addition, the Central Manchester Universities Hospitals NHS Foundation Trust also granted Research and Development approval for this project (reference number R01835). 
Results
Identification
Characteristics of included and excluded patients
There was a significant difference in age between included and excluded patients such that young patients were more likely to be included than adults. For example, 35AE0% (8959 ⁄ 25 595) of included patients were infants <1 year old versus 19AE7% (389 ⁄ 1979) among excluded patients. The age differences for included and excluded patients for the other age groups were 6AE5% versus 4AE0 in 1-to 5-yearolds, 8AE3% versus 5AE2% in 5-to 17-year-olds, 7AE8% versus 8AE9% in 17-to 25-year-olds, 12AE6% versus 15AE7% in 25-to 40-year-olds, 17AE6% versus 29AE1% in 40-to 65-year-olds, 6AE5% versus 15AE0% in 65-to 85-year-olds and 5AE6% versus 2AE5% among those >85-year-old, and these differences were statistically significant (P < 0AE0001). However, there were no significant gender differences between the two groups (% female included: excluded = 48AE7% versus 50AE0%, P = 0AE285). The difference in number of samples that were tested for different viruses', that is, 25 489 for all influenza A viruses and 15 660 for PIV 2 and 3, was because, in compliance with ethical issues, only tests requested by the physicians who submitted the samples were conducted. 
Respiratory virus positivity rates and patients demographics
The positivity of influenza A and B virus infection was significantly lower in infants <1 year of age but peaked in 5-to 17-year-olds and in people aged 17-65 years: (positivity proportions 4AE7% versus 17AE4%-23AE7% for influenza A virus infection and 1AE0% versus 4AE7%-5AE6% for influenza B virus infection, respectively). It was lower among those aged 65-85 years, presumably because of immunity derived from previous infections with strains antigenically related to the influenza strains that circulated between 2009 and 2011, but increased in those older than 85 years. On the other hand, other respiratory viruses were found predominantly more in children <5 years old (Figure 2 ). Consequently, the majority of study participants who were positive for RV, RSV, AdV, hMPV and PIV 1-3 were aged £5 years, whereas participants who were positive for influenza A, and B were mainly adults. These differences were statistically significant -P = <0AE0001 (Table 1) .
Regarding positivity rates by gender, males were more likely to have a positive diagnosis of other respiratory viruses than females, and apart from PIV1 and PIV3, these differences were statistically significant (Flu A P = <0AE0001, Flu B P = 0AE007, RV P = 0AE001, RSV P = 0AE02 and AdV P = 0AE003 and hMPV P = 0AE004, PIV2 P = 0AE04). However, such differences were not observed in influenza A and B virus infections (data not shown). The gender-related differences in positive rates for other respiratory viruses may relate to more men than women consulting medical services, for example, 8286 male samples were submitted for identification of rhinovirus compared with 7153 female samples, and the male ⁄ female ratios for the other samples were as follows: influenza B 12 145 ⁄ 11 492, RSV 9899 ⁄ 8909, AdV 9805 ⁄ 8827, hMPV 8191 ⁄ 7176, PIV1 8301 ⁄ 7167, PIV2 8299 ⁄ 7167 and PIV3 8299 ⁄ 7167. An alternative explanation is that gender is a risk factor for respiratory virus infection. Because positivity was biased towards males, it is not surprising that the majority of study subjects, positive for any of the other respiratory viruses were males (Table 1 ). The gender differences were statistically significant.
Respiratory viral infections yield by type of sample
Influenza viruses were mainly isolated from nose and throat swabs (VNT), with half (50AE3%) of the Flu A viruses and 44AE3% of Flu B viruses identified from VNT. The majority of respiratory viruses, that is, rhinoviruses (59AE3%), RSV (74AE9%), AdV (53AE9%), hMPV (66AE0%) and PIV 1-3 (47AE4%-72AE3%), were identified from nasopharyngeal aspirates (VNPA). Swabs where the site of swabbing was not given (VSW) and throat swabs (VTS) yielded almost equal proportions of influenza and respiratory viruses. This trend is probably because more VNTs were obtained from adults. The physiological changes of the 
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, Pearsons chi-square test, significance was at a = 0AE05; All flu A, influenza A(H1N1)pdm09 and seasonal influenza A viruses; RV, rhinovirus; RSV, respiratory syncytial virus; AdV, adenovirus; hMPV, human metapneumovirus; PIV1-3, human parainfluenza types 1-3. nasopharynx (narrowing of the orifice) and other morphological changes beginning at 6 months and continuing through adolescence make it painful to draw adequate nasopharyngeal aspirates in adults. 24 
Seasonal distribution of respiratory viral infections
Influenza A viruses, rhinoviruses, adenoviruses and parainfluenza type 3 viruses showed no distinct seasonal patterns. Specifically, there was little influenza A activity during the 2007 ⁄ 2008 summer season and 2008 ⁄ 2009 winter seasons. However, from April, 2009, a rise in the number of influenza A viruses was noted coinciding with the WHO declaration of the influenza A(H1N1)pdm09 pandemic. There was little influenza activity between April and October 2010, but the virus returned in the 2010 ⁄ 2011 winter season. Influenza B virus activity, however, was low during the study period, although the virus co-circulated with the influenza A(H1N1)pdm09 virus in winter 2010 ⁄ 2011. On the other hand, RSV and hMPV had a clear seasonal pattern, predominating during winter and subsiding during summer; and this trend was the same throughout the study period (Figure 3).
Flu A(H1N1)pdm09 and seasonal Flu A, pattern of co-infections and patients demographics
Co-infection was identified in 4AE7% (137 ⁄ 2879) of patients who had influenza A (H1N1)pdm09 with rhinovirus as the most common, accounting for 39AE4% (54 ⁄ 137) of all coinfections, followed by respiratory syncytial virus (27AE7%; 38 ⁄ 137), adenovirus (10AE2%; 14 ⁄ 137), human metapneumovirus (2AE9%; 4 ⁄ 137), parainfluenza type 1 viruses (2AE2%; 3 ⁄ 137) and parainfluenza type 3 viruses (0AE7%; 1 ⁄ 137). Among patients who were positive for seasonal influenza A viruses, co-infections occurred in 7AE3% (57 ⁄ 779). In this group, RSV was the most predominant virus, occurring in 36AE8% (21 ⁄ 779) of all co-infections, followed by influenza B viruses (28AE1%; 16 ⁄ 779), rhinoviruses (12AE3%; 7 ⁄ 779), adenoviruses (8AE8%; 5 ⁄ 779) and human metapneumovirus (7AE0%; 4 ⁄ 779) ( Tables 2 and 3 ). Thus, RSV co-infection was the highest among seasonal influenza A viruses, whereas rhinovirus was more frequent in influenza A(H1N1)pdm09 co-infections. The difference is likely due to the circulation of RSV only during winter seasons, while rhinoviruses circulate throughout the year. Few patients were infected by more than three respiratory viruses. Co-infections were predominantly identified in children <5 years old. Thus, 83AE3% (45 ⁄ 54) of patients with RV ⁄ A(H1N1)pdm09 co-infection, 92AE1% (35 ⁄ 38) RSV ⁄ A(H1N1)pdm09, 100% (14 ⁄ 14) AdV ⁄ A(H1N1)pdm09, 75% (3 ⁄ 4) hMPV ⁄ A(H1N1)pdm09 and 68% (11 ⁄ 16) Flu B ⁄ A(H1N1)pdm09 were under 5 years of age, and these differences were statistically significant (P = 0AE002 to P = <0AE0001) ( Table 2) . A similar age distribution was observed among patients who were diagnosed with seasonal influenza A virus co-infections (Table 3) . As for gender, apart from hMPV co-infection, there were no significant differences in the proportion of males and females diagnosed with single versus dual or multiple respiratory viral infections. The male to female ratios among different types of co-infections were 57AE4% ⁄ 43AE6% for RV ⁄ A(H1N1)pdm09 and 50% ⁄ 50% for RSV ⁄ A(H1N1)pdm09 (Table 2) . Similar proportions were observed among seasonal influenza A virus co-infections (Table 3) .
Risk of hospitalisation, admission to ICU and death associated with influenza A(H1N1)pdm09 co-infections
Of patients who had single influenza A (H1N1)pdm09, 76AE2% were hospitalised in a general ward. Comparatively, a higher proportion of patients with RSV and AdV co-infection were hospitalised in a general ward (86AE1%, 31 ⁄ 36, and 92AE9%, 13 ⁄ 14; respectively), but the general ward hospitalisation among patients with RV and influenza 
A ⁄ H1N1, influenza A(H1N1)pdm09 virus; Flu B, influenza B virus; RV, rhinovirus; RSV, respiratory syncytial virus; AdV, adenovirus. Difference in number of single respiratory virus and co-infections by age and sex was assessed using the chi-square test, *means that the statistic was significant at a = 0AE05, single influenza A virus infection was used as a baseline for calculation of odds ratios, multivariate model adjusted for age and co-infection*age mixed variable. 
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B co-infection was lower than that in single influenza A(H1N1)pdm09 (75AE0%; 9 ⁄ 12 and 73AE5%; 36 ⁄ 49, respectively) ( Table 2 ). The majority of co-infections were in children <5 years old, so when patients were stratified by age group, rates of admission to a general ward were still high among patients co-infected with either Flu B, RV, RSV or AdV than those who had single Flu (H1N1)pdm09 infection. On the other hand, only RSV and AdV co-infection had higher hospitalisation among patients aged 5 years of age or older (Table 2) . However, in a simple and multiple logistic regression, controlling for age and age*co-infection interaction factor, these increases in risk were not statistically significant. Regarding risk of admission to the ICU or death, 28AE4% of patients with single influenza A(H1N1)pdm09 infection were admitted to the ICU ⁄ died compared with rates of 57AE1% among those with influenza B co-infection and 27AE8% and 28AE6% among those with RV and RSV co-infection, respectively. Young age was again also associated with higher proportions of hospitalisations to ICU ⁄ death due to co-infection, but again, in simple and multivariate logistic regression models, this increase in risk was not statistically significant.
Risk of hospitalisation, admission to ICU and death associated with seasonal influenza A virus co-infection
Seasonal influenza A viruses were in circulation throughout the study period, and they also co-circulated with the pandemic influenza A(H1N1)pdm09 virus between April 2009 and June 2011. Among patients who had single seasonal influenza virus infection, 86AE1% were admitted to the general ward compared with 91AE7% of those with influenza B coinfection and 80% and 75% of those who had RSV, AdV and hMPV co-infection, respectively (Table 3 ). The percentage of co-infected patients who were hospitalised differed with age with younger patients having higher proportions than those aged 5 years or older. In simple and multiple logistic regression models, the increased risk of hospitalisation due to co-infection between seasonal influenza A viruses and Flu B, RSV or AdV was not statistically significant.
Regarding co-infection and risk of admission to the ICU ⁄ death among patients infected with seasonal influenza A viruses, only the influenza B co-infection with seasonal influenza A viruses was associated with a significant increase in the risk of hospitalisation to the ICU ⁄ death, in simple and multivariate logistic model. Specifically, of five patients who had FluB ⁄ FluA co-infection, 80% (4 ⁄ 5) were admitted to ICU or died, compared with the rate of 14AE8% (17 ⁄ 115) among those who had single seasonal influenza A viruses infection (OR: 23AE10, 95% CI: 2AE4-219AE0, P = 0AE006). Age adjustment slightly altered this estimate, but a positive association was still maintained (OR: 22AE0, 95% CI: 2AE21-219AE8, P = 0AE008). RSV co-infection also increased risk of admission to ICU ⁄ death, but this increase was not statistically significant.
Discussion and conclusion
The overall positive rate for any respiratory virus of 40AE7% (10 501 ⁄ 25 596) in this study is generally lower than positive rates of between 60% and 96% identified by most studies that recruited hospitalised patients, 6, 10, 17, 19, 25 but is generally higher than rates reported by studies that recruited patients from the emergency department or recruited patients presenting with influenza-like illnesses to the general practitioners (GPs) (range 15%-31AE0%). 7, 12, 15 Co-infections occurred in 4AE7% (137 ⁄ 2689) of patients who had a positive diagnosis of influenza A(H1N1)pdm09 and 7AE3% (57 ⁄ 779) of samples with seasonal influenza A virus infections. The rates of coinfections observed in this study are similar to those observed in studies that recruited similar study populations; however, they are generally lower than those that recruited infants and children. For example, among studies of both adults and children 5, 12, 26 in USA, France and Madagascar, co-infection rates were reported to be 5AE0% (66 ⁄ 1347), 13AE1% (30 ⁄ 226) and 29AE4% (53 ⁄ 389), respectively. In contrast to studies conducted in infants and children, 10, 14, 16, 27, 28 rates of 16AE8%-36AE1% have been reported.
Co-infection between seasonal influenza A viruses and influenza B virus was associated with a significant increase in risk of admission to ICU or death, whereas co-infection between influenza A(H1N1)pdm09 and AdV and RSV were associated with insignificant increases in risk of admission to a general ward. The findings of this study are in agreement with previous studies that implicated AdV, RSV and flu B virus co-infection in aggravating respiratory disease outcome. 10, 12, 14, 25, 28, 29 Further, in this study, RV co-infection was associated with an insignificant increase in risk of hospitalisation to a general ward, ICU or death among children <5 years old, but no such increases among adults. Reports from other studies on role of RV on disease outcome have been contradictory with some studies indicating that they decreased severity 5, 11 and others indicating they increase the risk. 30, 31 More recently, studies from Australia, Sweden and USA have suggested that rhinoviruses reduce or interfere with circulation of influenza viruses. 8, 9, 32, 33 The mechanisms driving virus virulence in co-infections are not clearly understood. However, some authors have suggested that it could either be due to virus-virus interactions in the form of protein-protein or protein-RNA interactions such as the direct or indirect heterologous transactivation 34 that aid in their coexistence and replication.
In this study, co-infections were predominantly among children <5 years old, which could introduce confounding into the calculated measures of risk. Therefore, in the logistic regression models, age was adjusted for so as to eliminate any change in such confounding. Also, in this study, the positivity of most of the respiratory viruses was higher in males than in females, and, apart from PIV1 and PIV3, these differences were statistically significant. This could be either because of differences in the health-seeking behaviours of men and women or because gender is a risk factor for respiratory virus infection. Some previous studies have also reported higher positivity rates in males, 15, 35, 36 while others have reported higher rates in females, 12, 26, [37] [38] [39] but only in our study are gender differences statistically significant. A chi-square analysis comparing the gender of included and excluded patients found no statistically significant gender difference between the two groups (v 2 = 1AE14, P = 0AE29), ruling out any possibility that this finding could have been due to recruitment or diagnostic bias.
The weaknesses of this study are that it was retrospective and, because the database included limited information on disease outcome, therefore we could not measure the impact of other covariates such as disease comorbodities. Most of the co-infections (range: 68AE8%-100%) occurred in children <5 years old Tables 2 and 3 . Children could suffer from chronic conditions like leukaemia, cystic fibrosis asthma and immune-suppressing infections such as HIV; therefore, these factors should be borne in mind when interpreting our results. Also, as genetic mutations, that is, antigenic drift and reassortment, can play a major role in the virulence of influenza A viruses, it would have been useful to sequence the identified influenza A viruses. However, as no major mutation to influence disease virulence was observed during the period of study, it is unlikely that major change occurred as exemplified by similar mutations (39 ⁄ 40) occurring in almost all fatal and non-fatal influenza A(H1N1)pdm09 infections in 2010 ⁄ 11 winter season in the UK. 40 The population-attributable fraction (AFp) indicates on how much of the observed risk could have happened in the absence of the exposure in question. A good estimation of AFp requires thorough knowledge of the prevalence of the exposure in question in the general community. Due to the limited number of studies investigating the prevalence of dual infections between influenza and respiratory viral infections in the community, the true prevalence of dual infections is not known, and AFp could not therefore be estimated.
Further, excluded patients significantly differed by age from included patients such that infants and children were more likely to be included than adults (e.g. inclusion: exclusion rates 35AE0% ⁄ 19AE7% versus 29AE1% ⁄ 17AE62% among those aged 40-65 years), and these differences were statistically significant P = <0AE0001. If physicians requested tests for respiratory virus infections more frequently in younger children than older patients, it might have introduced diagnostic bias leading to an exaggeration of the observed number of co-infections among young children. However, this study investigated co-infections among patients primarily infected with influenza virus infection. As influenza is an acute respiratory illness; the nature of the sickness would drastically reduce the possibility of patients not seeking medical treatment or physicians not requesting viral testing. We therefore believe that the information contained in the database closely estimates the epidemiology of influenza A and respiratory viral infections in North West England. However, the possibility of diagnostic bias should be borne in mind when interpreting our results.
In conclusion, despite some shortcomings, this study found that influenza B co-infection, among patients infected with seasonal influenza A virus, significantly increased the risk of admission to ICU or death. It also observed positive associations between influenza A (H1N1)pdm09 and RSV, AdV and risk of hospitalisation to the general ward, although these associations were not statistically significant. We recommend comprehensive testing and a careful integration of the patterns of co-infections among respiratory viruses into public health reports so as to help accumulate up more evidence on the role of co-infections on patient outcome in respiratory infections. Such information would be vital in shaping policy on an integrated investigation and treatment of respiratory viral infections, introduction of an integrated vaccine for multiple respiratory viruses and development of multi-target rapid diagnostic tests.
